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Introduction:


Fermilab is developing a 10-11 tesla racetrack magnet consisting of a package of two flat racetrack-type coils separated by a G-10 plate in lieu of a bore and assembled into a bolted stainless structure. The racetrack magnet is not intended for a direct application in an accelerator but rather its purpose is to serve as a fast turn around engine to test various technological aspects of Nb3Sn technology such as: winding of reacted cables, insulation materials and schemes, cooling, quench detection and protection, cable splicing and so forth. For other details regarding the design and fabrication technology the reader is referred to [1].  A prior work [2] addressed the 2D mechanics of racetrack in the straight section of the magnet. The 2D section analyzed was a transverse cut through the middle of the straight section. The analysis here presented is complimentary to the earlier one because this 2D section is orthogonal to the one analyzed in [2].  Combined, the two analyses will provide a complete 3D picture of the mechanical behavior of the racetrack.  


Figure 1 shows the racetrack assembly along with the mechanical structure and bolts holding the structure together. Figure 2 shows the 2D section of the racetrack that is the subject of the mechanical analysis. The main components of the mechanical structure are two 40 mm stainless steel plates (A) that provide pre-stress and support the main component of the Lorentz force. 57 stainless steel bolts pre-loaded to about 5000 lbs each should restrain the coil separation to within 0.05 mm at the maximum field of 10 T. Side pushers (B) provide horizontal pre-stress by means of 32 aluminum bolts and the end forces are contained by end plates (C) restrained by 8 stainless bolts. A 5 mm thick G10  plate (D) separates the two coils. End parts (E) are made of brass. All parts inside the coils, both in the ends and in the straight section are made of G10. 
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Fig. 1. Racetrack assembly (see text for part descriptions)
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Fig. 2.  2D section of the racetrack for mechanical analysis


Results are presented from a two-dimensional ANSYSTM mechanical analysis of the racetrack and are compared to test data obtained from strain gages mounted on bolts restraining the mechanical structure during the three stages of magnet operation (pre-stress at 300 K, cool-down to 4.2K and magnet excitation). This correlation establishes confidence in the finite element model and validates some of the assumptions made on coil material properties. After confidence has been established in the model, other conclusions on magnet mechanics can be derived. 

Finite Element Model Description:
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Fig. 3.  Finite element model and boundary conditions 

Figure 3 shows a picture of the 2D finite element model and boundary conditions. For computational ease, symmetry of the mechanical assembly is exploited and only one quarter of the domain is modeled. The model represents one of the two coils in the package and does not capture the slight asymmetry between the lead and the return end.  The coil and the remaining components of the mechanical structure are modeled using plane stress elements (PLANE42) with a thickness option. The thickness of the elements is 0.015 m equal to the width of the Nb3Sn superconducting cable. The top plate has threaded holes which the end and the side bolts thread into. The top plate is represented in the model using link elements (LINK1 in ANSYS element library). The cross sectional areas of these link elements are (W/4)(0.040) and (L/16)(0.040) m2, for the link elements representing the top plates holding the end bolts and the link elements representing the top plate holding the side bolts, respectively. W is the width of the main plate (A) and L is the length of the main plate (A). The pre-stresses on the bolts are controlled using the initial strain (ISTRN) parameter that is part of the real constant set for the link elements. The initial strains in the link elements are adjusted to the appropriate values in order to produce approximately the same pre-stresses in the bolts as those applied at room temperature. The link elements are directly connected to the plane stress elements (that represent the bolts) at the common node. In this manner effects of thermal contractions of the top plate (during cool-down) on the magnet mechanics can be captured in the model. The in-plane dimensions of the bolts in the plane stress (with thickness option) model are derived so as to reproduce the same volume of material as in the real 3D case.  Contact elements (CONTACT 172 and TARGET 169) with a zero friction coefficient are used to simulate contact between any pair of components that could potentially come in contact with each other during any of the three stages of magnet pre-stress, cool-down and excitation. The penalty stiffness factors for the CONTACT 172 elements have been adjusted to 0.5 in order to ensure convergence. Invar washers are used for the end bolts and stainless steel washers are used for the side bolts to minimize pre-stress loss during cool-down. 

Table 1: Material properties of various components used in the FEA model

	Component
	Material
	Young’s Modulus, E (GPa)
	Poisson’s Ratio, ν
	Integrated Thermal Contraction (mm/m)

	
	
	300K
	4.2K
	
	

	Impregnated Coil
	Coil
	20
	20
	0.3
	3.58

	Brass End Wedges
	Brass
	110
	110
	0.3
	3.97

	G-10 island 
	G-10
	14
	14
	0.3
	2.75

	G-10 shims
	G-10
	14
	14
	0.3
	2.75

	End Plate
	316 Stainless Steel
	210
	225
	0.3
	3.04

	Side Pusher
	316 Stainless Steel
	210
	225
	0.3
	3.04

	Main Plate
	316 Stainless Steel
	210
	225
	0.3
	3.04

	Main Bolts
	316 Stainless Steel
	210
	225
	0.3
	3.04

	Side Bolts
	Aluminum
	70
	82
	0.3
	4.24

	End Bolts
	316 Stainless Steel
	210
	225
	0.3
	3.04

	Invar Washers
	Invar
	140
	140
	0.3
	0.38


Material properties of different components that are part of the assembly are shown in Table 1. The differences of properties at room temperature and 4.2 K are neglected. As such, the differences are quite small for a first order analysis. The biggest uncertainty is in the value of impregnated coil modulus. There is a range of property values that are reported in literature for impregnated coils depending on the amount of compaction that can be achieved during impregnation. For react and wind technology that is used in this magnet, due to the low compaction pressures, the coil modulus is assumed to be around 20 GPa. This data was obtained from 10 stack measurements made by I. Novitsky for the common coil that also uses a react and wind approach and has comparable coil compaction during impregnation.

Magnetic Analysis and Lorentz Forces:

The magnetic forces have been computed using a 3D ANSYS model. This model was generated by extrusion of the 2D model used in the mechanical analysis (named “original-2D-plane” in the following). The extrusion was performed both in positive and negative Z-direction so that the original-2D-plane was in center of the coil. Symmetry conditions were used to simulate the other quadrants of the coil and the second coil. An average current density (I_cable * number_of_cables / Coil_cross_section) was used. The total forces at 12 kA were computed and are shown in Table 2. 

In order to transfer the forces from the magnetic 3D model to the structural 2D model the following procedure was adopted. The original-2D-plane was selected and the magnetic forces were computed on the nodes belonging to this plane (see the second line in Table 2). Next, the forces on the nodes on this 2D plane were scaled by a factor of 5.5 and the resultant forces Fx, Fy and Fz were computed. These resultant forces were then compared to the resultant Fx, Fy and Fz forces obtained from the 3D magnetic model. The good agreement demonstrated in Table 2 between these two resultant forces indicated that scaling the forces on original 2D plane by a factor of 5.5 would adequately capture the magnitude of total forces acting on the coil.  Finally, the magnetic forces were transferred from the original-2D-plane to the structural model (ANSYS command “DTRAN”) and scaled by 5.5. Figure 4 shows the magnetic forces on the elements attached to the original-2D-plane in the 3D model.  Figure 5 shows  a top view of the forces on the 2D plane that is being analyzed after the forces on the 2D plane in Figure 4 have been scaled by a factor of 5.5.  
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Fig.  4. Magnetic forces from one quadrant of the coil on the original 2D plane in the 3D magnetic model
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Fig.  5. Magnetic forces applied to the structural 2D model (note that forces on the 2D plane shown in Fig. 4 have been scaled by a factor of 5.5)

Table 2: Resultant Lorentz forces from magnetic analysis

	 
	 
	Fx (N)
	Fy (N)
	Fz (N)

	Full  model
	
	6837
	4647
	261445

	original 2D plane
	
	1250
	838
	42749

	original 2D plane *
	5.5
	6872
	4610
	235122

	 
	
	
	
	 

	difference
	
	35
	-37
	-26323

	difference %
	 
	0.5
	-0.8
	-10.1


Test Results:

The experimental results for bolt loads of various instrumented bolts on the mechanical structure are reported in Tables 3 and 4 for two different thermal cycles. The main difference between the two thermal cycles was the increased pre-stress applied to the end bolts as can be seen in Table 4. The locations of the instrumented bolts are shown in Fig. 6. 

Table 3:  Bolt load measurements during pre-stress, cool-down and excitation (all loads in Newtons - Thermal Cycle I)

	
	
	
	
	
	

	Bolt
	 Pre-Stress (300K)
	Cool-down (4.2K)
	Delta  (4.2K-300K) 
	Excitation @ 12 kA (4.2K)
	Delta (4.2K@12 kA - 4.2K)

	mainL1
	 
	 
	 
	 
	 

	mainL2
	19638
	7129
	-12509
	29214
	22085

	mainR3
	21596
	9163
	-12433
	26518
	17355

	mainR4
	22949
	2407
	-20541
	2407
	 

	AVG
	21191
	6234
	-14956
	25957
	19722

	 
	 
	 
	 
	 
	 

	lend1
	5126
	10017
	4891
	10017
	0

	lend2
	 
	1589
	 
	1589
	0

	rend3
	 
	5091
	 
	5091
	0

	rend4
	8731
	6795
	-1936
	6795
	0

	AVG
	6929
	5874
	-1055
	5874
	0

	 
	 
	 
	 
	 
	 

	sideL1
	8531
	9710
	1179
	9109
	-601

	sideL2
	 
	9318
	 
	8704
	-614

	sideR3
	 
	9581
	 
	8722
	-859

	sideR4
	9447
	10636
	1188
	9906
	-730

	AVG
	9089
	9812
	723
	9109
	-703

	
	
	
	
	
	

	 
	Lost strain gages
	
	
	

	
	
	
	
	
	

	 
	Values not measured
	
	
	

	 
	
	
	
	
	


Table 4:  Bolt load measurements during pre-stress, cool-down and excitation (all loads in Newtons - Thermal Cycle II)

	Bolt
	 Pre-Stress (300K)
	Cool-down (4.2K)
	Delta  (4.2K-300K) 
	Excitation @ 12 kA (4.2K)
	Delta (4.2K@12 kA - 4.2K)

	mainL1
	 
	 
	 
	 
	 

	mainL2
	15330
	21498
	6168
	41968
	20470

	mainR3
	23492
	14000
	-9492
	24457
	10458

	mainR4
	24844
	15419
	-9425
	21160
	5741

	AVG
	21222
	16972
	-4250
	29196
	12224

	 
	 
	 
	 
	 
	 

	lend1
	14525
	10555
	-3969
	10555
	0

	lend2
	9301
	4472
	-4828
	4472
	0

	rend3
	15054
	 
	 
	 
	 

	rend4
	17288
	15330
	-1958
	18000
	2670

	AVG
	14044 
	10119 
	-3924
	10787 
	2670

	 
	 
	 
	 
	 
	 

	sideL1
	11592
	12273
	681
	11721
	-552

	sideL2
	9065
	8201
	-863
	7623
	-579

	sideR3
	9830
	9416
	-414
	8655
	-761

	sideR4
	10155
	10974
	819
	10306
	-668

	AVG
	10159
	10217
	58
	9576
	-641

	
	
	
	
	
	

	 
	Lost strain gages
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Fig. 6.  Locations of instrumented bolts (locations of instrumented bolts on hidden side     are mirror images)  


The bolts exhibit very similar behavior for the two thermal cycles. The magnet quenched at a current of about 12 kA (78% of the short sample limit). The maximum current that the magnet can carry is about 17 kA (which includes a 5% bending degradation along the magnet load line). The reasons for this premature quench is still under investigation. The main bolts register significant load gains during excitation due to the main component of the Lorentz forces. There is almost no gain in load for the end bolts while the side bolts unload during magnet excitation. The reasons for this mechanical behavior of bolts will be discussed later. 

Finite Element Analysis Results:
Table 5: FEA bolt loads – units in Newtons (20 GPa coil modulus)
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The FEA bolt loads correlate well with the test loads shown in Tables 3 and 4. End Bolt 2 in the model, that corresponds to the instrumented end bolt, shows a load gain of about 2000 N compared to 2600 N load gain in one of the return end instrumented bolts during testing. Note that this was the only bolt that recorded any load change during magnet excitation. The remaining end bolts do not show any load gain during testing. This could be explained by the fact that there is significant friction present between the end wedges and, the top plate and the G-10 mid-plane spacer. This friction could prevent the end wedges from sliding and transferring loads to the end plates. Note that the surfaces of the bronze wedges and the top plate that come in contact with each other are coated with mold release before magnet assembly but due to the large pre-stress in the vertical direction friction could still be high enough to prevent relative motion. As can be observed from Tables 3, 4 and 5, there is some load loss observed in the end bolts upon cool-down while the side bolts retain most of the load. The loss of load in the side bolts and the small gain in end bolt loads can be explained by looking at the Lorentz’s forces in the coil during excitation shown in Figs. 4 and 5. The forces in the straight section tend to squeeze the coil together without any resultant outward force, thereby unloading the side bolts. At the ends where the two coils separate, there is some resultant outward force acting on the coils and this is reflected in the load gain in the end bolts. This component of the force is radial, hence End Bolt 2 registers a higher load gain than End Bolt 1. 


The contour plots for stresses and strains in the coil during the three stages of pre-stress, cool-down and excitation are shown in Appendix I for maximum currents of 12 kA and 17 kA. The effective Von-Mises stresses on the coil during pre-stress are uniform at about 16 MPa except a few stress concentration locations where the stresses climb to about 23 MPa. The stress concentration occurs where the brass end wedge terminates at the transition region of the outer coil from the ends to the straight section. Most of the Von-Mises stresses are retained upon cool-down and the stresses increase to about 22 MPa in the straight section and about 20 MPa in the end regions of the inner and outer coils at an excitation current of 12 kA. At 17 kA, the stresses increase to about 32 MPa in the straight section and about 26 MPa in the end regions. The contour plots for the individual stress components in the x and y directions are shown in Figs. A5 through A12. The strain components in the x and y direction are shown in Figs. A13 through A20. The strain values during pre-stress and cool-down are quite small compared to the irreversible degradation limit of 0.3%.  Upon excitation the peak strains in the x direction do not exceed 0.04% in tension and 0.15% in compression. The peak strains in the y direction do not exceed 0.06% in tension and 0.16% in compression. These are the upper limits of strains the coil would see at the maximum excitation current of 17 kA. Fig. A21 shows end plate bending during pre-stress. This bending arises due to the inability of the end wedges to transfer load to the coil as the wedge become tangential to the coil near the transition region from the ends to the straight section. Since there is no reaction from the coil, the end plate bends to accommodate the sliding of the end wedges relative to the coil. This could be avoided by eliminating the bronze wedge and modifying the end plate design to follow the contour of the coil. This would result in a direct and more efficient load transfer to the coil. A future design of the racetrack would incorporate these changes.

Summary and Conclusions:


A detailed finite element analysis of the racetrack is carried out that captures the 2D mechanical behavior in the straight section and ends. Pre-stresses are applied using initial strains in the link elements that represent the main plates and these stresses are transferred to the mechanical structure through bolts that are also part of the finite element model. The results from the model are correlated with bolt load data obtained during magnet testing to establish confidence in the model and assumed material properties. Some of the main conclusions of this analysis are: 

· The bolt loads from the model correlate well with the instrumented bolt data obtained during magnet testing. The trends observed in the model are consistent with those observed during testing

· The side bolts unload during magnet excitation while the end bolts register a small load gain during excitation. The nature of the Lorentz force distribution in the straight section and the ends are the reason for this unexpected behavior. The Lorentz forces in the straight section tend to squeeze the coils together thus unloading the side bolts while there is a small resultant outward force in the end region that results in a moderate load gain in the end bolts. However, in the real case, friction present between the brass wedges and the top plate may prevent the end wedges from motion resulting in no load being transferred to the end plates. This is evident in the test end bolt load data obtained during magnet excitation.  

· The stresses and strains in the coil during the three stages are quite small compared to the irreversible degradation limits of 150 MPa and 0.3% for stress and strain, respectively. This holds good even at the maximum excitation current of 17 kA which the magnet is designed to carry. The maximum strains seen by the coil in tension are quite small compared to the maximum strains seen by the coil in compression and both these values are well below the limit of 0.3%. 

· From a mechanics standpoint, the present design of the mechanical structure  should be able to handle the forces at the target current of 17 kA at 10.2 T.

· A more efficient design of the mechanical structure that will be part of the next generation racetrack would include eliminating the end wedges and shaping the end plates to follow the contour of the coil resulting in a more efficient load transfer to the coil. This would also eliminate the potential for bending in the end plates during pre-stress that is observed in the current design.
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APPENDIX I

CONTOUR PLOTS OF COIL STRESSES AND STRAINS 
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Fig. A1.  Von Mises stresses (Pa) during pre-stress
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Fig. A2.  Von Mises stresses upon cool-down
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Fig. A3.  Von Mises stresses during excitation @ 12 kA
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Fig. A4.  Von Mises stresses during excitation @ 17 kA
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        Fig. A5. σx stresses during pre-stress
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       Fig. A6. σx stresses upon cool-down
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     Fig. A7. σx stresses during excitation @ 12 kA
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Fig. A8. σx stresses during excitation @ 17 kA
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                Fig. A9. σy stresses during pre-stress
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                Fig. A10. σy stresses upon cool-down
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                 Fig. A11. σy stresses during excitation @ 12 kA
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 Fig. A12. σy stresses during excitation @ 17 kA
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                 Fig. A13.  εx strains during pre-stress
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                 Fig. A14.  εx strains upon cool-down
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                 Fig. A15.  εx strains during excitation @ 12 kA
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            Fig. A16.  εx strains during excitation @ 17 kA
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                 Fig. A17.  εy strains during pre-stress
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                                          Fig. A18.  εy strains upon cool-down
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                                          Fig. A19.  εy strains during excitation @ 12 kA
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                                            Fig. A20.  εy strains during excitation @ 17 kA
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                  Fig. A21.  End plate bending during pre-stress
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